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400

FORM A FIRST IMAGE HAVING AT LEAST TWO
PIXELS ON A SUBSTRATE, THE AT LEAST TWO
PIXELS CORRESPONDING TO A FIRST PAIR OF
ADJAGENT SPATIAL LIGHT MODULATOR PIXELS
HAVING A 180-DEGREE PHASE SHIFT THEREBETWEEN

—_ 410

FORM A SECOND IMAGE HAVING AT LEAST TWO | 420
PIAELS ON THE SUBSTRATE, THE SECOND
IMAGE PARTIALLY QVERLAPPING THE FIRST IMAGE

FIG. 4
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- 500
&

POSITION AT LEAST ONE MICROMIRROR OF A PLURALITY
OF MICROMIRRORS TO A THIRD POSITION BETWEEN
A FIRST POQSITION AND A SECOND POSITION,
WHEREIN LIGHT HAVING A FIKST DARKNESS 15
REFLECTED FROM THE FIRST POSITION TO A
SUBSTRATE

510

REFLECT LIGHT HAVING A SECOND DARKNESS L 520
LSS THAN THE FIRST DARKNESS FROM THE THIRD
POSITION TO THE SUBSTRATE OR A LIGHT DUMP

FIG. 5
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RESOLUTION ENHANCED DIGITAL
LITHOGRAPHY WITH ANTI-BLAZED DMD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 15/871,302, filed on Jan. 15, 2018, 1ssued as

U.S. Pat. No. 10,372,042 on Aug. 6, 2019, and which claims
benefit of U.S. Provisional Patent Application Ser. No.
62/448,743, filed on Jan. 20, 2017, which are herein incor-

porated by reference in their entirety.

BACKGROUND

Field

Embodiments of the present disclosure generally relate to
methods and apparatus for processing one or more sub-
strates, and more specifically to improved spatial light
modulators for digital lithography systems and methods of
tabrication thereof.

Description of the Related Art

Spatial light modulators are often used to 1mpose a spatial
varying modulation on a beam of light. Digital micromirror
devices (DMDs), which are an example of spatial light
modulators, are used as reflective digital light switches 1n a
variety of applications, including digital lithography. For
digital lithography, the DMD 1s generally combined with
other image processing components, such as memory, a light
source and optics, and used to project bright, colorful images
onto a projection screen.

A DMD generally includes several hundred thousand
microscopic mirrors (“micromirrors’) arranged 1n a rectan-
gular array. Each micromirror corresponds to a single pixel
of the image to be displayed and can be tilted at various
angles about a hinge. Depending on the tilt angle of the
micromirror, the micromirror 1s 1n an “on” or “off” state. In
the on state, light 1s reflected from the DMD 1nto a lens and
ultimately a pixel 1s brightly projected onto a screen. In the
ofl state, light 1s directed elsewhere, such as a light dump,
and the projected pixel appears dark.

The phase shift between adjacent micromirrors of the
DMD affects the resolution of the projected image and the
depth of focus. Generally, the phase shift between adjacent
micromirrors of the DMD 1s 0 degrees. A DMD having the
0 degree phase shift between adjacent micromirrors 1s
known as a blazed DMD. While blazed DMDs exhibit good
resolution and depth of focus, as device dimensions become
smaller, improved resolution and better depth of focus are
needed, especially for line spacing. In digital lithography,
hard phase shift masks have been used to print very narrow
and dark lines. However, hard phase shift masks are limited
by the topology of the substrate.

Thus, there 1s a need 1n the art for an improved spatial
light modulator, which increases image resolution and depth
of focus, and digital lithography methods for use thereof.

SUMMARY

Embodiments of the present disclosure generally relate to
methods and apparatus for processing one or more sub-
strates, and more specifically to improved spatial light
modulators for digital lithography systems and digital
lithography methods using improved spatial light modula-
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tors. The spatial light modulator 1s configured such that there
1s a 180-degree phase shift between adjacent spatial light
modulator pixels. The spatial light modulator 1s usetul for
pixel blending by forming a plurality of partially overlap-
ping 1mages, at least one of the plurality of partially over-
lapping 1mages having at least two pixels formed by a first
pair of adjacent spatial light modulator pixels having a
180-degree phase shift therebetween. The spatial light
modulator results 1n 1mproved resolution, depth of focus,
and pixel blending.

In one embodiment, a digital lithography method 1s dis-
closed. The digital lithography method includes forming a
first image having at least two pixels on a substrate. The at
least two pixels correspond to a first pair of adjacent spatial
light modulator pixels of a plurality of spatial light modu-
lator pixels of a spatial light modulator. The first pair of
adjacent spatial light modulator pixels has a 180-degree
phase shift therebetween.

In another embodiment, a digital lithography method 1s
disclosed. The digital lithography method 1includes position-
ing at least one micromirror of a plurality of micromirrors to
a third position between a first position and a second position
and retlecting light from the third position. Light reflected
from the first position 1s projected onto a substrate. Light
reflected from the first position has a first brightness. Light
reflected from the second position 1s directed to a light
dump. Light reflected from the third position has a second
brightness less than the first brightness.

In yet another embodiment, a spatial light modulator 1s
disclosed. The spatial light modulator includes an array of
spatial light modulator pixels having at least a first spatial
light modulator pixel and a second spatial light modulator
pixel adjacent to one another, a phase shift between the
adjacent first spatial light modulator pixel and the second
spatial light modulator pixel being 180 degrees.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the above recited features of
the present disclosure can be understood in detail, a more
particular description of the disclosure, brietfly summarized
above, may be had by reference to embodiments, some of
which are illustrated in the appended drawings. It 1s to be
noted, however, that the appended drawings 1llustrate only
typical embodiments of this disclosure and are therefore not
to be considered limiting of its scope, for the disclosure may
admit to other equally eflective embodiments.

FIG. 1 1s a perspective view ol a system that may benefit
from embodiments disclosed herein.

FIG. 2 1s a perspective schematic view of an i1mage
projection system ol FIG. 1 according to embodiments
disclosed herein.

FIG. 3 1s a schematic view of a micromirror array of a
digital micromirror device according to embodiments dis-
closed herein.

FIG. 4 1s a flow chart of a digital lithography method for
pixel blending according to embodiments disclosed herein.

FIG. 5 1s a flow chart of a digital lithography method
according to embodiments disclosed herein.

To facilitate understanding, 1dentical reference numerals
have been used, wherever possible, to designate i1dentical
clements that are common to the Figures. Additionally,
clements of one embodiment may be advantageously
adapted for utilization i1n other embodiments described

herein.

DETAILED DESCRIPTION

Embodiments of the present disclosure generally relate to
methods and apparatus for processing one or more sub-
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strates, and more specifically to improved spatial light
modulators for digital lithography systems and digital
lithography methods using improved spatial light modula-
tors. The spatial light modulator 1s configured such that there
1s a 180-degree phase shift between adjacent spatial light
modulator pixels. The spatial light modulator 1s usetul for
pixel blending by forming a plurality of partially overlap-
ping 1mages, at least one of the plurality of partially over-
lapping 1mages having at least two pixels formed by a first
pair ol adjacent spatial light modulator pixels having a
180-degree phase shift therebetween. The spatial light
modulator results 1n 1improved resolution, depth of focus,
and pixel blending.

Embodiments described herein refer to digital micromir-
ror devices (DMDs) as an example of a spatial light modu-
lator; however, other spatial light modulators are also con-
templated 1n the present disclosure. Other spatial light
modulators 1nclude, but are not limited to, arrays of liquid
crystals, such as liquid crystal displays (LCDs) and ferro-
clectric liquid crystal displays (FLCoS), and arrays of
microscopic light emitting devices (microLEDs). Each spa-
t1al light modulator includes an array of spatial light modu-
lator pixels that are switchable between “on” and “ofl”” such
that the pattern of spatial light modulator pixels will modu-
late the optical beam to provide the selected level of attenu-
ation. In operation, the spatial light modulator pixels are
controllable such that each pixel 1s bright, dark and/or
attenuated.

In an embodiment where the spatial light modulator 1s a
DMD, the DMD 1s configured 1n an anti-blazed condition,
such that there 1s a 180-degree phase shift between adjacent
micromirrors. The anti-blazed DMD 1s useful for pixel
blending by forming a plurality of partially overlapping
images, at least one of the plurality of partially overlapping
images having at least two pixels formed by a first pair of
adjacent micromirrors having a 180-degree phase shift ther-
cbetween. The anti-blazed DMD results 1n improved reso-
lution, depth of focus, and pixel blending. Additionally, one
or more of the micromirrors of the DMD 1s tilted at a
position different than an on or off position such that light
having less brightness 1s reflected onto a substrate.

FIG. 1 1s a perspective view of a system 100 that may
benefit from embodiments disclosed herein. The system 100
includes a base frame 110, a slab 120, one or more stages
130 (two are shown as an example), and a processing
apparatus 160. The base frame 110 rests on the floor of a
tabrication facility and supports the slab 120. Passive air
1solators 112 are positioned between the base frame 110 and
the slab 120. In one embodiment, the slab 120 1s a mono-
lithic piece of granite, and the one or more stages 130 are be
disposed on the slab 120. A substrate 140 1s supported by
cach of the one or more stages 130. A plurality of holes (not
shown) are formed 1n the stage 130 for allowing a plurality
of lift pins (not shown) to extend therethrough. The lift pins
rise to an extended position to receive the substrate 140,
such as from one or more transier robots (not shown). The
one or more transier robots are used to load and unload a
substrate 140 from the one or more stages 130.

The substrate 140 1s, for example, made of quartz and
used as part of a flat panel display. In other embodiments, the
substrate 140 1s made of other materials. In some embodi-
ments, the substrate 140 has a photoresist layer formed
thereon. A photoresist 1s sensitive to radiation and 1s a
positive photoresist or a negative photoresist, meaning that
portions of the photoresist exposed to radiation will be
respectively soluble or insoluble to photoresist developer
applied to the photoresist after the pattern 1s written 1nto the
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photoresist. The chemical composition of the photoresist
determines whether the photoresist will be a positive pho-
toresist or negative photoresist. For example, the photoresist
includes at least one of diazonaphthoquinone, a phenol
formaldehyde resin, poly(methyl methacrylate), poly
(methyl glutarimide), and SU-8. In this manner, the pattern
1s created on a surface of the substrate 140 to form the
clectronic circuitry.

The system 100 further includes a pair of supports 122
and a pair of tracks 124. The pair of supports 122 are
disposed on the slab 120, and the slab 120 and the pair of
supports 122 are a single piece of material. The pair of tracks
124 are supported by the pair of the supports 122, and the
one or more stages 130 are movable along the tracks 124 1n
the X-direction. In one embodiment, the pair of tracks 124
1s a pair ol parallel magnetic channels. As shown, each track
124 of the pair of tracks 124 1s linear. In other embodiments,
the track 124 has a non-linear shape. An encoder 126 1s
coupled to each of the one or more stages 130 in order to
provide location information to a controller (not shown).

The processing apparatus 160 includes a support 162 and
a processing unit 164. The support 162 1s disposed on the
slab 120 and includes an opening 166 for the one or more
stages 130 to pass under the processing unit 164. The
processing unit 164 1s supported by the support 162. In one
embodiment, the processing unit 164 1s a pattern generator
configured to expose a photoresist in a photolithography
process. In some embodiments, the pattern generator 1s
configured to perform a maskless lithography process. The
processing unit 164 includes a plurality of image projection
apparatus (shown i FIG. 2). In one embodiment, the
processing unit 164 contains 84 1image projection apparatus.
Each 1mage projection apparatus 1s disposed in a case 165.
The processing apparatus 160 1s useful to perform maskless
direct patterning.

During operation, one of the one or more stages 130
moves 1n the X-direction from a loading position, as shown
in FIG. 1, to a processing position. The processing position
refers to one or more positions of the stage 130 as the stage
130 passes under the processing unit 164. During operation,
the one or more stages 130 are lifted by a plurality of air
bearings (not shown) and are movable along the pair of
tracks 124 from the loading position to the processing
position. A plurality of vertical guide air bearings (not
shown) are coupled to each of the one or more stages 130
and positioned adjacent an inner wall 128 of each support
122 1n order to stabilize the movement of the stage 130. Each
of the one or more stages 130 are also movable 1n the
Y-direction by moving along a track 150 for processing
and/or indexing the substrate 140. Each of the one or more
stages 130 1s capable of independent operation and can scan
a substrate 140 1n one direction and step in the other
direction. In some embodiments, when one of the one or
more stages 130 1s scanning a substrate 140, another of the
one or more stages 130 1s unloading an exposed substrate
and loading the next substrate to be exposed.

A metrology system measures the X and Y lateral position
coordinates of each of the one or more stages 130 in real
time so that each of the plurality of image projection
apparatus can accurately locate the patterns being written 1n
a photoresist covered substrate. The metrology system also
provides a real-time measurement of the angular position of
cach of the one or more stages 130 about the vertical or
Z-axis. The angular position measurement can be used to
hold the angular position constant during scanning by means
of a servo mechanism or 1t can be used to apply corrections
to the positions of the patterns being written on the substrate
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140 by the 1mage projection apparatus 290, shown 1n FIG.
2. These techniques may be used 1n any combination.

FIG. 2 1s a perspective schematic view of an i1mage
projection system 270 of the system 100 according to
embodiments disclosed herein. An 1image projection system
includes a spatial light modulator, a focus sensor and/or
camera, and a projection lens. In the embodiment shown 1n
FIG. 2, the image projection system 270 includes a light
source 272, an aperture 274, a lens 276, a frustrated prism
assembly 288, one or more digital micromirror devices
(DMDs) 280 (one 1s shown), a light dump 282, a focus
sensor and camera 284, and a projection lens 286. The
frustrated prism assembly 288, the DMD 280, the focus
sensor and camera 284, and the projection lens 286 are part
of an 1mage projection apparatus 290. In one embodiment,
the light source 272 1s a light emitting diode (LED) or a
laser, and the light source 272 is capable of producing a light
having predetermined wavelength. In one embodiment, the
predetermined wavelength 1s 1 the blue or near ultraviolet
(UV) range, such as less than about 450 nm. The frustrated
prism assembly 288 includes a plurality of reflective sur-
faces. In one embodiment, the projection lens 286 1s a 10x
objective lens. Other embodiments of an 1mage projection
system, which includes a spatial light modulator other than
one or more DMDs, may include fewer or more compo-
nents, as necessary in the system for that particular spatial
light modulator.

During operation of the image projection system 270
shown 1n FIG. 2, a light beam 273 having a predetermined
wavelength, such as a wavelength in the blue range, 1s
produced by the light source 272. The light beam 273 1s
reflected to the DMD 280 by the frustrated prism assembly
288. As shown 1n FIG. 3, a DMD includes a plurality of
micromirrors, and the number of micromirrors corresponds
to the number of pixels to be projected. The plurality of
micromirrors are individually controllable, and each micro-
mirror of the plurality of micromirrors 1s at an on position or
ofl position, based on the mask data provided to the DMD

80 by the controller (not shown). When the light beam 273
reaches the micromirrors of the DMD 280, the micromirrors
that are at on position retlect the light beam 273, 1.e.,
forming the plurality of write beams, to the projection lens
286. The projection lens 286 then projects the write beams
to the surface of the substrate 140. The micromirrors that are
at ofl position reflect the light beam 273 to the light dump
282 1nstead of the surface of the substrate 140.

FIG. 3 1s a DMD 380 according to embodiments disclosed
herein. The DMD 380 1s used in the image projection
apparatus 290 and the system 100. The DMD 380 1s also
useiul 1 any other system or device utilizing a DMD. The
DMD 380 includes a plurality of spatial light modulator
pixels, which are shown as micromirrors 381, arranged in a
micromirror array 383. The DMD 380 1s used as a spatial
light modulator and the micromirrors 381 are tilted at
various degrees relative to the surfaces of the micromirrors
381 and used to adjust the incidence angle of the 1llumina-
tion beam on the DMD 380 so that after reflection the on
beam 1s aimed down the center of the image projection
apparatus 290 and the image created in the i1llumination
system 15 centered in the projection system. In one example,
the stable position for each micromirror 381 1s plus or minus
about 12x1 degrees with respect to the surface of the
micromirror 381. Thus, in one embodiment, a first tilt
position 389 corresponds to plus 12+1 degrees and a second
t1lt position 391 corresponds to minus 12+]1 degrees.

The edges 385 of micromirrors 381 are arranged along
orthogonal axes, for example the X axis and the Y axis.
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These axes are congruent with similar axis referenced to the
substrate 140 or a stage coordinate system after taking into
account a 90 degree fold introduced by the frustrated prism
assembly 288. However, hinges 387 on each micromirror
381 are located on opposing corners of each micromirror
causing 1t to pivot on axis at 45 degrees to the X axis and Y
axis. As discussed above, these micromirrors 381 can be
switched between on and ofl positions by varying the angle
of tilt of the micromirrors.

In one embodiment, the hinges 387 are diagonally ori-
ented to t1lt each of the micromirrors 381 on an axis at 45
degrees to an X axis and a Y axis of each of the micromirrors
381. In another embodiment, the hinges 387 are oriented
parallel to an edge 3835 of each of the micromirrors 381 to
t1lt each of the micromirrors 381 on an axis parallel to the
edge 385 of each of the micromirrors 381. In one example,
all of the hinges 387 are diagonally orniented. In another
example, all of the hinges 387 are oriented parallel to an
edge 385 of each of the micromirrors 381. In yet another
example, a first portion of the hinges 387 are diagonally
oriented and a second portion of the hinges 387 are oriented
parallel to an edge 385 of each of the micromirrors 381.

In conventional, blazed DMDs, the phase shift between
adjacent micromirrors 1s 0 degrees. The conventional O
degrees phase shift results in very little cancellation. How-
ever, the phase shift between adjacent micromirrors 381 of
the DMD 380, for example first micromirror 381a and
second micromirror 3815, 1s equal to or about 180 degrees.
This configuration 1s referred to as an anti-blazed DMD.
When the phase shift between adjacent spatial light modu-
lator pixels, for example first micromirror 381a and second
micromirror 381b, 1s 180 degrees, there 1s exact or nearly
exact cancellation between the adjacent micromirrors 381
and there 1s symmetric brightening between adjacent pixels.
In one example, each pair of adjacent micromirrors 381 has
a 180-degree phase shiit.

In one embodiment, in order to achieve a 180-degree
phase shift between adjacent micromirrors 381, the micro-
mirrors 381 are tilted at various angles, or remain flat,
depending on the wavelength of the system in which the
DMD 380 1s being used. The tilt angle of the micromirrors
381 1s selected to achieve the 180-degree phase shift. In one
example, at a particular wavelength, a tilt angle of the first
micromirror 381a and/or second micromirror 3815 are about
12.25 degrees 1n order to achieve a 180-degree phase shiit
between adjacent micromirrors 381. For example, as
described herein and shown in FIG. 3, micromirror 389 1s
tilted at an angle of 12x1 degrees, and micromirror 391 1s
tilted at an angle of —12+1 degrees.

The particular t1lt angle of any micromirror 381 1s
achieved 1n various ways. One example of a method for
achieving a particular tilt angle and 180-degree phase shiit
includes, but 1s not limited to, electrostatically controlling
the t1lt angle by varying the voltage applied to a microelec-
tromechanical (MEMSs) device or regions of MEMSs devices
over which the micromirrors 381 are positioned.

Other methods of achieving the 180-degree phase shift
between adjacent micromirrors 381 or other spatial light
modulator pixels include, but are not limited to, adjusting
the height of at least a portion of the micromirrors 381 or
spatial light modulator pixels, for example using pistons,
adjusting the position of an illuminator 1n an 1mage pro-
cessing apparatus, such as the image projection apparatus
290, utilizing a particular wavelength for the digital lithog-
raphy process, or utilizing a gas with a predetermined index
of refraction, for example heavy air, 1n the DMD 380 or
other spatial light modulators. Even further, in an embodi-
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ment using one or more DMDs for the spatial light modu-
lator, one or more of the micromirrors 1s manufactured with
a bump or other feature on the surface to achieve the
180-degree phase shift. In operation, some of the light will
hit the bump on the micromirror surface and provide attenu-
ation.

In the embodiments of other spatial light modulators, such
as LCDs, various methods are used to achieve the 180-
degree phase shift. For example, 1n an embodiment using an
LCD, the angle at which the light beam interacts with the
liquid crystals 1s adjusted to achieve the 180-degree phase
shift. One benefit of using an LCD spatial light modulator 1s
improved grayscale control for attenuation.

In further embodiments, acousto-optical methods and
devices are used to manipulate the phase shift and attenu-
ation between pixels. In acousto-optical devices, ultrasound
can be mtroduced to the crystals to develop a standing wave
of pressure and aflect the index of refraction locally such
that the direction of the light beam can be steered or
attenuation can be achieved.

The exact cancellation of the adjacent spatial light modu-
lator pixels having a 180-degree phase shiit therebetween,
such as in the anti-blazed DMD 380, 1s useful in digital
lithography methods. More specifically, the cancellation 1s
usetul for pixel blending by performing several, sequential
exposures to yield smoother printed features. In one embodi-
ment, a digital lithography method using the disclosed
spatial light modulators includes forming a first 1image
having at least two pixels on a substrate, wherein the at least
two pixels correspond to a first pair of adjacent spatial light
modulator pixels of a plurality of spatial light modulator
pixels of the spatial light modulator, the first pair of adjacent
spatial light modulator pixels having a 180-degree phase
shift therebetween.

FI1G. 4 1s a flow chart of a digital lithography method 400
for pixel blending according to embodiments disclosed
herein. The method 400 begins at operation 410 with form-
ing a first image having at least two pixels on a substrate.
The at least two pixels correspond to a first pair of adjacent
spatial light modulator pixels of a plurality of spatial light
modulator pixels having a 180-degree phase shift therebe-
tween. At operation 420, a second 1image having at least two
pixels 1s formed on the substrate. The second 1image partially
overlaps the first image. In one example, the at least two
pixels of the second 1mage correspond to a second pair of
adjacent micromirrors having a 180-degree phase shift ther-
cbetween. In another example, the at least two pixels of the
second 1mage correspond to a second pair of non-adjacent
micromirrors 1 an example where the substrate 140 1s
continuously moving through the system 100. In one
example, the partial overlapping of the second 1mage over
the first image occurs by moving the one or more stages 130
in an X and/or Y-direction, as described above in FIG. 1. As
the one or more stages 130 move 1n the X and/or Y-direction
overlapping images are projected onto the substrate 140 by
one or more of the imaging projection apparatus.

Operations 410 and 420 are repeated such that the sub-
strate undergoes multiple exposures of multiple, overlapping
images. In one example, the overlapping between the first
image and the second 1mage, as well as subsequent exposure
images, may be about plus or minus one quarter of a pixel
or an edge thereol. The first image and the second image
may be 1dentical. The subsequent exposure images may also
be 1dentical. The at least partial overlapping of the multiple,
identical 1mages, known as pixel blending, results 1n
smoother printed features on the substrate. More specifi-
cally, by using the exact cancellation resulting from the
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180-degree phase shift between adjacent micromirrors on an
anti-blazed DMD, tighter feature spacing with darker lines
between features 1s achieved.
FIG. 5 1s a flow chart of a digital lithography method 500
according to another embodiment. The method 500 begins at
operation 510 by positioning one micromirror of a plurality
of micromirrors to a third position between a first position
and a second position. Positioning the micromirror includes
tilting the micromirror or adjusting the height of the micro-
mirror from a surface, such as an 1image projection surface
or a surface of the DMD.
In the embodiment shown 1n FIG. 3, the micromirrors 381
are tiltable and the first position 389 1s about plus 12+1
degrees from a surface of micromirror 381 and corresponds
to the on position. Light retlected from the first position has
a first brightness and 1s projected onto a substrate. The
second position 391 1s about minus 12+1 degrees from a
surface of micromirror 381 and corresponds to the off
position. Light reflected from the second position 1s directed
to a light dump, and may not be projected onto a substrate.
At operation 520, light 1s retlected from the third position.
The third position 1s considered to also be an ofl position.
However, the light reflected from the third position may be
reflected onto the substrate, or may not be reflected onto the
substrate and may instead be reflected to the light dump. The
light retlected from the third position has a second bright-
ness less than the first brightness. In one example, the second
brightness 1s between about five percent and about ten
percent of the first brightness, such as about six percent of
the first brightness.
Benefits of the above-described disclosure include, but
are not limited to, increased resolution, for example about
twice the resolution, and improved depth of focus 1n digital
lithography methods, such as pixel blending. More specifi-
cally, use of the disclosed improved spatial light modulators
results 1n projection of only coherent optical behavior with
very specific and precise spacing due to the exact cancella-
tion produced by the 180-degree phase shift between adja-
cent spatial light modulator pixels, without topological
limitations. Additionally, the disclosed spatial light modu-
lators and methods of use thereof provide improved pixel
blending.
While the foregoing 1s directed to embodiments of the
present disclosure, other and further embodiments of the
disclosure may be devised without departing from the basic
scope thereof, and the scope thereof 1s determined by the
claims that follow.
What 1s claimed 1s:
1. A spatial light modulator, comprising:
an array of spatial light modulator pixels having at least:
a first pair of adjacent spatial light modulator pixels
including a first spatial light modulator pixel and a
second spatial light modulator pixel adjacent to one
another; and
a second pair of adjacent spatial light modulator pixels
including a third spatial light modulator pixel and a
fourth spatial light modulator pixel adjacent to one
another,
wherein:
either the first or the second spatial light modulator
pixel of the first pawr of adjacent spatial light
modulator pixels is tilted to achieve a phase shiit
of 180 degrees between the adjacent first spatial
light modulator pixel and the second spatial light
modulator pixel, and

either the third or the fourth spatial light modulator
pixel of the second pair of adjacent spatial light
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modulator pixels 1s tilted to achieve a phase shiit
of 180 degrees between the adjacent third spatial
light modulator pixel and the fourth spatial light
modulator pixel, and
wherein the first pair of adjacent spatial light modulator
pixels and the second pair of adjacent spatial light
modulator pixels form a first image and a second
image that partially overlap on a substrate.

2. The spatial light modulator of claim 1, wherein the
array of spatial light modulator pixels 1s an array of micro-
mirrors, and wherein at least one of the first spatial light
modulator pixel and the second spatial light modulator pixel
1s positioned at a height selected to achieve the phase shiit
of 180 degrees.

3. The spatial light modulator of claim 1, wherein the
array ol spatial light modulator pixels 1s an array of micro-
mirrors, and wherein the spatial light modulator further
comprises a plurality of hinges, at least one of the plurality
of hinges being associated with at least one of the array of
mICromirrors.

4. The spatial light modulator of claim 3, wherein at least
one of the first spatial light modulator pixel and the second
spatial light modulator pixel 1s tilted about at least one of the
plurality of hinges at a tilt angle selected to achieve the
phase shift of 180 degrees.

5. The spatial light modulator of claim 4, wherein elec-
trostatically controlling the tilt angle by varying an applied
voltage achieves the tilt angle selected and the phase shiit of
180 degrees.
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6. The spatial light modulator of claim 4, wherein utilizing,
a tluid with a predetermined index of refraction achieves the

t1lt angle selected and the phase shift of 180 degrees.

7. The spatial light modulator of claim 6, wherein the fluid
1S a gas.

8. The spatial light modulator of claim 3, wherein each of
a first portion of the plurality of hinges 1s oriented a diagonal
orientation, and wherein each of a second portion of the
plurality of hinges 1s oriented parallel to an edge of each of
the micromirrors.

9. The spatial light modulator of claim 1, wherein each
pixel 1n the array of spatial light modulator pixels 1s bright,
dark, or attenuated.

10. The spatial light modulator of claim 1, wherein the
array of spatial light modulator pixels are switchable to
generate a pattern of spatial light modulator pixels.

11. The spatial light modulator of claim 10, wherein the

pattern of spatial light modulator pixels modulates an optical
beam to provide a selected level of attenuation.

12. The spatial light modulator of claim 1, further com-

=

prises an array of liquid crystals.

13. The spatial light modulator of claim 1, further com-

prises an array ol microscopic light emitting devices (mi-
croLEDs).
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